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Summary:Resume: Zusammenfassung 
An eco-physiological. simulation model is pre-
sented in which competition between crop and 
weeds is simulated. The procedure is based 
upon the underlying physiological processes of 
distribution of the resources light and water 
over the species and the manner in which the 
species utilize the amounts taken up for dry 
matter production. On the basis of the leaf area 
of the competing species and its distribution 
over the height of the canopy, the absorbed 
radiation in relationship to plant height is calcu-
lated. Using the C02 assimilation light response 
of individual leaves, the profile of C02 assimila-
tion in the canopy is calculated. The daily rate of 
C02 assimilation of the species is obtained by 
integration over height and daylight period 
after subtraction of losses for maintenance and 
growth. Effects of drought are taken into 
account by a simple water balance in which the 
available amounts of soil moisture during the 
growing season are monitored. Soil moisture is 
allocated to the competing species, in propor-
tion to their demands. The model was para-
tDeceased. 
meterized for the crop sugar beet (Beta vulgaris 
L.) and Chenopodium album L. These para-
meter values were partly derived from literature 
data and partly from our own experimental data 
obtained from monocultures. In a subsequent 
paper (Kropff et al., 1992), evaluation of the 
model with experimental data will be presented 
as well as an evaluation of important species 
characteristics and strategies for weed control. 
Un modele ecophysiologique pour Ia competi-
tion interspecifique, applique a /'influence de 
Chenopodium album L. sur La betterave 
sucriere. I. Description du modele et etablisse-
ment des parametres 
Un modele eco-physiologique simulant Ia 
competition entre une culture et des adventices 
est presente. La procedure est fondee sur le 
schema physiologique de distribution des res-
sources en lumiere et en eau entre les especes et 
Ia fac;on dont les especes utilisent les quantites 
prelevees pour la production de matiere seche. 
Sur la base de Ia surface foliaire de l'espece 
competitrice et de sa distribution sur Ia hauteur 
de Ia canopee, Ia radiation absorbee en relation 
avec la hauteur de la plante est calculee. En 
utilisant !'assimilation du C02 en reponse a Ia 
lumiere, des feuilles individuelles, le profit de 
l' assimilation du C02 dans Ia canopee est 
calcule. Le taux journalier de !'assimilation de 
C02 des especes est obtenue par integration de 
la hauteur et de Ia periode de lumiere du jour 
apres soustraction des pertes pour la vie et Ia 
croissance. Les effets de Ia secheresse sont pris 
en compte par une simple pesee de l'eau qui 
permet de suivre les quantites disponibles 
d'humidite du sol pendant Ia saison de crois-
sance. L'humidite du sol est attribuee aux 
especes competitrices en relation avec leurs 
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demandes. La modele a ete parametre pour Ia 
betterave sucriere (Beta vulgaris L.) et 
Chenopodium album L. Les valeurs des 
parametres viennent partiellement de Ia littera-
ture et partiellement des donnees experimen-
tales obtenues dans des monocultures. Dans un 
article (Kropff et al., 1992) I' evaluation du 
modele avec des donnees experimentales sera 
presente ainsi qu'une evaluation des caracteris-
tiques des especes importantes et des strategies 
de desherbage. 
Ein okophysiologisches Modell der interspezi-
fischen Konkurrenz von Chenopodium album 
auf die Zuckerrii.be. I. Beschreibung des Modells 
und der Parameter 
In einem okophysiologischem Sirnulations-
modell zur Konkurrenz zwischen Kulturpflan-
zen und Unkrautern wurde die Trockenmasse-
produktion als physiologisches ProzeB je nach 
Licht- und Wasserangebot behandelt. Die 
Lichtabsorption, bezogen auf die Pflanzenhohe, 
wurde aufgrund der Blattflache der konkur-
rierenden Arten und ihrer Verteilung innerhalb 
des Bestandes kalkuliert. Die Verteilung der 
C02-Asimilation im Bestand wurde anhand der 
Assirnilationsrate einzelner Blatter bestimmt. 
Die tagliche C02-Assimilationsrate der Arten 
wurde aus dem Integral iiber Hohe und 
Tageslange abziiglich der Verluste fiir den 
Erhaltungsstoffwechsel und das Wachstum 
errechnet. Verluste durch Trockenheit wurden 
durch eine einfache Wasserbilanz unter 
Einbeziehung der Bodenfeuchte und des 
spezifischen Bedarfs der konkurrierenden 
Arten zur Vegetationszeit berechnet. Das 
Modell wurde fiir die Zuckerriibe (Beta vulgaris 
L.) und WeiBen GansefuB (Chenopodium 
album L.) parametrisiert. Die Parameterwerte 
wurden teils aus der Literatur entnommen, teils 
in eigenen Versuchen mit Reinbestanden 
gewonnen. In einer Folgeveroffentlichung 
(Kropff et al., 1992) so lien das Modell mit 
Versuchsdaten sowie wichtige Charakteristika 
der Arten und Unkrautbekampfungsstrategien 
behandelt werden. 
Introduction 
A large number of models have been developed 
to describe the effects of interplant competition. 
Most of these models have a static character: 
they describe the outcome of competition at a 
single time with some regression equation. In 
studies on crop weed interactions these models 
generally relate yield loss of the crop to weed 
density (Cousens, 1985; Spitters et al., 1989b ). 
Such regression models provide a simple and 
precise description of the competition effects in 
a particular experiment in which only weed 
density is varied. However, regression co-
efficients may vary strongly among experiments 
due to factors other than weed density, e.g. the 
relative time of weed emergence (Hakansson, 
1983; Cousens et a/., 1987). Another dis-
advantage of these models is that they do not 
give insight into the competition process per 
se. Analysis of the causes of variation in 
coefficients is, therefore, only possible by per-
forming laborious and expensive empirical 
studies. 
Competition can be defined as the growth 
reduction of a plant brought about by the 
capturing of growth-limiting resources by its 
neighbours. These resources can be light, water 
and nutrients. This indicates that competition is 
a dynamic process that can be understood on the 
basis of the distribution of the limiting resources 
between the competing species and the effi-
ciency with which each species uses the amounts 
taken up. Such a mechanistic approach may 
provide insight into the processes underlying 
competition effects observed in field experi-
ments, and may aid manipulation of competitive 
relationships, such as those between crop and 
weeds. 
In this study, a mechanistic model for crop-
weed competition (Spitters & Aerts, 1983; 
Kropff et al., 1984; Kropff 1988a) was further 
developed and used to analyse competition 
between sugar beet (Beta vulgaris L.) and 
Chenopodium album L. The major improve-
ments are the simulation of canopy photo-
synthesis, seasonal leaf area dynamics, 
transpiration, evaporation and the water 
balance of the soil. The model (programmed in 
a structured way in FORTRAN) and its list of 
variables is available upon request. Prelimin-
ary summarized results were presented by 
Kropff (1988a, b, c). This paper gives a detailed 
description of the principles of the model, the 
mathematics underlying it, and its parameteriza-
tion. In a subsequent paper (Kropff et al., 1992) 
the evaluation of the model will be discussed. 
Special attention is paid to the procedures 
used to estimate the parameters required for the 
competition model. The parameter values were 
partly derived from the results of three field 
experiments, and partly from published data. 
These parameter estimates may be seen as 
quantitive summary of the relevant growth 
characteristics of the species. 
In the present paper, only information from 
the monocultures is used. In Kropff eta/. (1992), 
the growth pattern of the. species in monocul-
ture and mixture are analysed with the model 
using a single set of parameter values, showing 
the extent to which the growth in competition 
can be explained by the model. An analysis of 
the contribution of species characteristics to the 
competitive ability of the species is also 
described. 
Materials and methods 
Model description 
General structure. Under favourable growth 
conditions, light and temperature are the main 
factors determining the growth rate of the crop 
and its associated weeds. From the leaf area 
index of the species and the vertical distribution 
of their leaf area, the light profile within the 
canopy is calculated. On the basis of the photo-
synthesis characteristics of single leaves, the 
photosynthesis profile of each species in the 
mixed canopy is obtained. Integration over the 
height of the canopy and over the day gives the 
daily assimilation rate for each species. After 
subtraction of respiration requirements, the net 
daily growth rate (in kg dry matter ha-1 day-1) is 
obtained. The dry matter produced is parti-
tioned among the various plant organs. The 
phenological development rate is monitored in 
the model as a function of ambient daily average 
temperature. When the canopy is not yet closed, 
leaf area increase is calculated from daily 
average temperature. When the canopy closes, 
the increase in leaf area is obtained from the in-
crease in leaf weight. Integration of daily growth 
rates of the organs and leaf area results in a dry 
weight increase during the growing season. 
To account for the effects of drought stress, a 
simple water balance for a free draining soil 
profile is coupled to the model, tracking the 
available amount of soil moisture in due time. 
Transpiration and growth rates of the species 
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are reduced when the available soil moisture 
drops below a certain level. Competition for 
water is thus closely linked to above-ground 
competition for light, because transpiration is 
driven by the absorbed amount of radiation by 
the species and the vapour pressure deficit 
inside the canopy. 
Input requirements of the model are as 
follows: geographical latitude, standard daily 
weather data, soil physical properties, crop and 
weed density, date of crop and weed emergence 
and parameter values that describe the morpho-
physiological characteristics of the plant species. 
The time step of integration is one day. 
Incoming light flux. Measured daily total solar 
irradiation (wavelength 300-3000 nm) is input 
for the model. Only half of this incoming radia-
tion is photosynthetically active (PAR, wave-
length 400-700 nm). This visible fraction, 
generally called 'light', is used in the calculation 
procedure of the C02 assimilation rates of the 
species. A distinction is made between diffuse 
skylight and direct sunlight because of the large 
difference in illumination intensity between 
shaded leaves, which receive only diffuse 
radiation, and sunlit leaves, which receive both 
direct and diffuse radiation. The proportion of 
diffuse light in the total incident light flux is 
derived from the atmospheric transmission, i.e. 
the ratio between actual solar irradiance and the 
quantity that would have reached the earth's 
surface in the absence of an atmosphere, using 
an empirically determined relationship (Spitters 
et a/., 1989a). Instantaneous flux densities of 
diffuse and direct light are inferred using a 
sinusoidal course of the irradiance intensity over 
the day. 
Light profile within the canopy. The radiation 
fluxes attenuate approximately exponentially 
within the foliage with increasing leaf area: 
/L = {1-p)/0 exp(-I (k; L;)) (1) 
where/Lis the net flux at depth L (J m-2 ground 
s-1), / 0 is the flux at the top of the canopy (J m-2 
ground s-1), L; is the cumulative leaf area index 
of species j (counted from the top of the canopy 
downwards) {m2 leaf m-2 ground), pis there-
flection coefficient of the canopy and k; is the ex-
tinction coefficient of species j. The leaf areas 
(L;), weighted by the extinction coefficients 
( k;), are summed over the j = 1 .. . n plant species 
in the mixed vegetation. In this approach it is 
assumed that the leaves are horizontally 
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homogenously distributed. The diffuse and the 
direct flux have different extinction coefficients, 
giving rise to different light profiles within the 
canopy for diffuse and direct radiation. 
The light absorbed by species i at a depth L in 
the canopy (HL.i) is obtained by taking the 
derivative of Equation 1 with respect to the 
cumulative leaf area index: 
C02 assimilation rates of single leaves. The 
photosynthesis-light response of individual 
leaves follows a saturation type of function, 
characterized by the initial slope (the initial light 
use efficiency (e, kg C02 ha- 1 h- 1/(J m-2 s-1)) 
and the asymptote (Am; kg C02 ha- 1 h- 1), and 
is described by the negative exponential 
function: 
AL =Am [1-exp( -eHdAm)] (3) 
where AL is the gross assimilation rate (kg C02 
ha- 1 h-1), Am is the gross assimilation rate at 
light saturation (kg C02 ha-l h - 1), and e is the 
initial light use efficiency (kg C02 ha-1 h- 1/(J 
m-2 s- 1)). Substitution of the absorbed light 
intensity at depth L(HL,i in Equation 2) gives 
the assimilation rate of species i at that specific 
canopy depth. The assimilation rates are calcu-
lated for shaded leaf area and sunlit leaf area 
separately. The assimilation rate of species i per 
unit leaf area in a canopy layer is the sum of its 
assimilation rates of sunlit and shaded leaves, 
taking into account the proportion of sunlit and 
shaded leaf area at that depth in the canopy. 
Daily total C02 asimilation rate. The total 
daily rate of C02 assimilation of the species (Ad) 
is obtained by integrating the instantaneous 
rates of C02 assimilation (Ad over the LA/ of 
the species and over the day. The integration is 
achieved by applying the Gaussian algorithm. 
This method specifies discrete points at which 
the value of the function to be integrated must 
be calculated. It also defines the weighting 
factors that have to be applied to these values to 
attain an accurate approximation compared to 
the analytical solution ( Goudriaan, 1986). For 
integration of the instantaneous assimilation 
rates over the LA/ of the species, the 5-point 
method is generally satisfactory (C. Rappoldt & 
S. A. Weaver, personal communication), while 
the 3-point method performs very well for 
integration over the day (Goudriaan, 1986). 
Thus, at three selected times during the day, the 
assimilation rates at five selected depths in the 
canopy are calculated for each species. This sub-
routine was developed by S. A. Weaver and C. 
Rappoldt at the Department of Theoretical 
Production Ecology, Wageningen Agricultural 
University. 
Dry matter growth rate from rates of C02 
assimilation and respiration. The assimilated 
C02 is converted into carbohydrates (CH20). 
For every kg of C02 taken up, 30/44 kg of CH20 
are formed, the numerical values representing 
the molecular weights of CH20 and C02 , res-
pectively. Part of the carbohydrate is respired to 
provide the energy for maintaining the existing 
biostructures. The remaining part is converted 
into structural plant dry matter. Thus, the daily 
growth rate equals: 
G = Ct{Ad (30/44)-Rm) (4) 
where G is the growth rate (kg dry matter ha - 1 
d-1), Ct is the conversion efficiency (kg dry 
matter kg- 1 CH20), and Rm is the maintenance 
respiration cost (kg CH20 ha-1 d-1). If Rm ex-
ceeds Ad, net growth is set to 0. 
Maintenance requirements are approximately 
proportional to the dry weights of the plant 
organs to be maintained; the various plant 
organs differ in their maintenance coefficients. 
For leaves, stems, roots and storage organs, 
values of 0·030, 0·015, 0·015 and 0·010 kg CH20 
kg- 1 dry matter day-1, respectively, are used as 
proportionality coefficients (Penning de Vries & 
van Laar, 1982). In this model a coefficient of 
0·015 kg CH20 kg-1 dry matter day-1 is used 
for the active tissue of the storage organ. No 
maintenance requirements are assumed for 
stored material. These values refer to a temper-
ature of 25°C. With each 10°C temperature in-
crease, these coefficients increase by a factor 
two (Oto=2). 
The carbohydrates in excess of the mainten-
ance costs are available for conversion into 
structural plant material (Equation 4). The 
weight of structural dry matter formed per unit 
weight of carbohydrates depends on the bio-
chemical composition of the formed dry matter 
only. Typical values for leaves, stems, roots and 
storage organs have been presented by Penning 
de Vries et al. (1989). 
Dry matter partitioning and phenological 
development. For each of the competing species, 
the total dry matter increase is partitioned 
among the various groups of plant organs 
(leaves, stems, storage organs and roots) 
according to partitioning coefficients (pc in kg 
dry matter organ/kg dry matter crop) defined as 
a function of the phenological development 
stage of the species. The growth rate of plant 
organ group k ( Gk) is thus obtained by multi-
plying the total growth rate ( G, Equation 4) by 
the fraction aliocated to that organ group (pck). 
Total dry weights of the plant organs are 
obtained by integrating their growth rates over 
time. 
The rate of phenological development is 
mainly determined by temperature. Over a wide 
range of temperatures, the development rate in-
creases more or less linearly with temperature, 
so the development stage is directly related to 
the temperature sum after seedling emergence. 
Leaf area dynamics. Under optimum condi-
tions, light and temperature are the environ-
mental factors influencing the rate of leaf area 
expansion. Light intensity determines the rate 
of photosynthesis and hence the supply of 
assimilates to the leaves. Temperature deter-
mines the rates of cell division and extension. 
In temperate climates, temperature is the 
overriding factor determining leaf area 
development during the early stage of plant 
growth. Because the total LA! is small, all 
leaves absorb enough radiation to fulfil assimi-
late needs for leaf expansion in spring. Then, 
leaf area increases more or less exponentially in 
time, expressed as the temperature sum: 
where LAit is the leaf area index (m2 leaf m-2 
ground) at time tee d), N is the number of 
plants per m2, 'Lo is the initial leaf area per plant 
at seedling emergence (m2 planC1), and RL is 
the relative leaf area growth rate ee-l d-1), 
which is introduced as a function of tempera-
ture. The exponential phase ends when the 
portion of assimilates allocated to non-leaf 
tissue sharply increases, or when mutual shad-
ing becomes substantial. As a yardstick for 
these events, one can use LA!= 0·75 as the end 
of the exponential growth period, since leaves 
start to overlap. 
For the later stages, leaf area increase 
( G LA!) is calculated by multiplying the 
simulated daily leaf weight increase ( G1v) of the 
species by its specific leaf area: 
GLAI=SLA G,v (6) 
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To account for leaf senescence, a relative leaf 
death rate is defined, being a function of both 
the developmental stage of the species and the 
ambient temperature. Leaf death rate (D LA! in 
m2 m-2 (°C d)- 1) is then obtained by multiply-
ing the green LA! by this relative death rate (Rs 
in CC d)- 1): 
DLAI=LAI Rs (7) 
The amount of light absorbed by a species 
depends on the position of its leaf area within 
the multi-species foliage. The distribution of 
leaf area over plant height is described for each 
species by its leaf area density function, which 
relates the leaf area density (m2 leaf m-2 ground 
m-1 height) to plant height, using a parabolic 
function as default, with plant height as the 
upper limit. The LA! of the species measures 
the surface enclosed by this function. Plant 
height is introduced as a logistic function of the 
development stage. From the leaf area density 
functions of the various plant species, the 
cumulative leaf area index of the species above 
the selected plant height is calculated. Together 
with the incoming light flux at the top of the 
canopy, this determines the light absorption at 
the selected plant height and thus the assimila-
tion rate at that height (Equation 3). 
Growth rates limited by soil moisture avail-
ability. To account for water shortage, a simple 
moisture balance for a free-draining soil profile 
is included in the model. The daily change in soil 
moisture content in the rooted zone is calculated 
from the rainfall (R), transpiration by the vege-
tation ( n' soil evaporation ( £)' and deep perco-
lation (DP) as: 
d6=R-T-E-DP (8) 
where d6 is the change in soil moisture content 
expressed in kg H20 m-2 d-1• Daily data on 
rainfall (in mm) represent input for the model. 
Percolation is calculated as the amount of water 
in excess of field capacity, which drains below 
the rooted zone with a delay of a few days. 
Potential rates of transpiration and soil 
evaporation are derived from the reference 
evapotranspiration of a short grass cover (ETr), 
calculated from the weather data using the 
Penman (1948) equation (evapotranspiration of 
short grass is about 0·8 times the evaporation of 
open water). Rates of transpiration and evapor-
ation are approximately proportional to the 
amount of total solar radiation intercepted. The 
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radiation intercepted by the vegetation and that 
transmitted to the soil are derived from the 
exponential radiation profile (Equation 1). This 
gives the following for the potential transpira-
tion of a canopy ( T0 ) (composed by C3 species) 
as a function of the reference evapotranspira-
tion (ETr): 
T0 = 1·3 ETr (1-exp(-I[0·7 k;LA/j])) (9) 
and for the potential soil evaporation (Eo): 
Eo= 0·9 ETr exp(- I[0·7 k;LAI;]) (10) 
where 1·3 and 0·9 are empirical constants 
(Spitters, 1989, p. 209), k is the extinction 
coefficient for PAR, and 0· 7 is the ratio between 
the extinction coefficient for total solar radiation 
and that for PAR. LA/s are weighted to the 
species respective extinction coefficients and 
summed over the j = 1 ... n species constituting 
the mixture. The potential transpiration rate of 
a species growing in mixture is assumed to be 
proportional to its relative amount of inter-
cepted radiation, calculated in a similar way 
to the interception of PAR. 
Water shortage reduces the rates of evapora-
tion and transpiration. The actual value of the 
soil evaporation ( £) is obtained by multiplying 
the potential value (Eo) by a factor that is a 
function of the moisture content of the top 2 em 
of the soil. This content is also tracked in the 
model. The ratio between actual transpiration 
(7) and potential transpiration (To) decreases 
linearly with soil moisture availability when the 
actual soil moisture content ( Oa) falls below a 
certain critical level (Ocr) (Doorenbos & 
Kassam, 1979): 
T/T0 = (Oa-Owp)/(Ocr-Owp); OS T!Tos 1(11) 
where the critical soil moisture content is 
defined as: 
Ocr= Owp+(1-p)(Orc-Owp) (12) 
in which 0 is the soil moisture content (kg H20 
m-2 ground or mm), subscripts denoting the 
critical value ( cr) and the values at wilting point 
(wp) and field capacity (fc), respectively. The 
soil moisture depletion factor (p) is dependent 
on plant species and evaporative demand, but 
for c3 species it typically varies between 0·6 and 
0·4 for an evaporative demand of 1 and 5 mm 
d-t, respectively. 
The reduction in growth rate is more or less 
proportional to the reduction in transpiration 
rate. Thus, the growth rate G, limited by soil 
moisture, is obtained by multiplying its potential 
value (Go; Equation 4) by the factor T/T0 : 
(13) 
The multiplication factor TITo is also applied 
to the rate of plant height increase. Drought also 
affects rates of leaf expansion and senescence, 
the dry matter partitioning between above-
ground and below-ground parts, and the photo-
synthetic capacity of the leaves. 
Experimental design 
Parameter values were mainly derived from 
three field experiments, where C. album L. and 
sugar beet were grown in monocultures and 
mixtures in three consecutive years (1984-1986) 
on a sandy loam in Wageningen, The Nether-
lands. In these experiments, plants were 
harvested at regular intervals throughout the 
growing period. At each harvest, samples were 
dissected to the various plant organs, dried at 
80°C and weighed. 
In sugar beet, laminae, petioles (including 
crown and midribs) and tap root were 
separated. The midrib was separated from the 
lamina when plants were older than 5 weeks 
after plant emergence. The crown (i.e. 
hypocotyl and epicotyl) was separated from the 
tap root just below the lowest leaf mark, at the 
point where the concentric bundle rings are 
visible. In C. album L., leaf laminae, stems (in-
cluding petioles and flowering stalks) and fruits 
(i.e. perianth and seed) were separated. The 
area of green leaf blades was measured with an 
electronic plariimeter. Dead leaves and seeds 
which fell off were collected, except in the 1984 
experiment. Date of emergence of the species 
was characterized by the median of their fre-
quency distribution, inferred from daily record-
ings of plant emergence in permanent quadrats. 
The experiments were laid out according to a 
split-plot design with 4 replicates, populations as 
main plots and harvest dates as subplots. Here, 
only the data from the monospecies stands are 
used; the results of the mixtures are discussed in 
Kropff et a/. (1992), where the weather data 
are also summarized. Experimental details of 
the monocultures are given in Table 1. The 
beets were sown with a precision drill at a high 
population density, and after emergence 
thinned back to the right spacing. C. album L. 
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Table l. Details of the field experiments with monocultures and mixtures of sugar 
beet and Chenopodium album L. carried out in three different years. 
Experiment 2 3 
Year 1984 1985 1986 
Sugar beet cultivar Regina Monohil Salohil 
Sowing date of sugar beet 17/4 24/4 18/4 
Sowing date of C. album L. 14/5 615,20/5 
Plant emergence sugar beet 27/4 915 4/5 
Plant emergence C. album L. 27/4 19/5 25/5,3/6 
Density sugar beet (plants m-2) 11·1 11·1 11·1 
Density C. album L. (plants m-2) 22·2 11-1 11-1 
Plant spacing sugar beet (m2) 0·30 X 0·30 0·30 X 0·30 0·50 X0·18 
Plant spacing C. album L. (m2) 0·30 X0·15 0·30X0·30 0·50x 0·18 
Gross plot size (m2) 1·5X3·0 1·5 X 6·0 1·26X 6·00 
Net plot size (m2) 0·9 X 1·8 0·3 X 4·8• 0·54 X 4·00 
No. of replicates 4 4 4 
Fertilizer rate (kg ha-1) 
N 160 165 170 
P205 40 60 38 
K20 100 200 280 
Groundwater table (m) 0·7-1·0 0·7~·8 1·2-1·4 
•c. album L. 0·6 x 4·8 m. 
Table 2. Summary of the parameter estimates for sugar beet and C. album L. 
Description 
Light interception: 
extinction coefficient for PAR 
Photosynthesis and respiration: 
initial light use efficiency 
maximum photosynthetic rate 
maintenance coefficients 
CH20 requirements 
Phenology: 
base temperature for development 
maximum temperature for development 
Dry matter distribution pattern: 
partitioning coefficients 
Leaf area dynamics: 
initial leaf area per plant 
relative growth rate of leaf area 
specific leaf area 
leaf senescence parameter 
Plant height: 
height increase parameters 
Symbol 
k 
E 
Am 
C(t 
Tb 
Tm 
pc 
Lo 
RL 
SLA 
Rs 
Hm, 
b, 
was sown by hand after pretreatment of the 
seeds with 0·005% gibberellic acid and 0·005% 
KN03 for 14 days at 4°C. In the 1984 experi-
ment, the naturally established C. album L. 
population was thinned back to the right spac-
ing. Weeding was done by hand. 
Model parameterization 
The parameter values used to characterize sugar 
beet and C. album L. are summarized in Table 
Value 
Unit S. beet C. album 
mlm-2 0·65 0·65 
kg C02 ha-1 h-1(Jm-zs-1) 0·45 0·45 
kgC02 ha-1 h-1 50 50 
kg CH20 kg-1 DM d-1 Table 3 
kg CH20 kg-1 DM Table 3 
°Cd 2 2 
°Cd 21 
Fig.1,2 
m2 planC1 Fig.3 
oc-td-1 Fig.3 
m2 leaf kg-1 leaf Fig.4 
Fig.5 
m Fig.6 
oc-t d-1 
2, and their estimation is discussed in the follow-
ing sections. 
Light interception. The extinction coefficient 
(k) in Equation 1 is estimated from measure-
ments of the light intensity above and below a 
canopy (or canopy layer) with a known LA/. 
The estimate of k (Equations 1 and 2) 
presented in Table 2 refers to photosynthetically 
active radiation (PAR, wavelength 400-700 
nm), the value for total solar radiation (300-
3000 nm) being about 0·7 times that for PAR. 
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The extinction of direct solar radiation varies 
with solar elevation, which dependency is 
accounted for in the model (according to 
Goudriaan, 1977). Under a uniformly overcast 
sky all radiation is diffuse, the extinction 
coefficient for diffuse radiation being indepen-
dent of solar elevation and, therefore, used as a 
model parameter. 
The k value of 0·65 for sugar beet was based 
on data from Clark & Loomis (1978). It fits with 
the value of 0·69 recorded by Tanaka ( 1983) and 
the value of 0·61 ± 0·04 measured on 4 July in 
the 1985 experiment. 
For C. album L. the same value of k was used 
as for sugar beet. This is based on values for 
both species from the 1985 experiment: 
0·61 ± 0·04 measured on 4 July in the 1985 
experiment. 
From measurements by Fukuda & Hayashi 
(1982), a value of0·69 at 0·50 m plant height and 
0·67 m height was inferred for C. album L. The 
value of 1·0 recorded by Monsi & Saeki (1953) is 
somewhat outside this range. This high value of 
Monsi & Saeki (1953) may be explained by light 
absorption by the flower stalks of C. album L. 
later in the season. At present, however, no 
estimate of their extinction characteristics is 
available. 
C02 assimilation. In the model, canopy 
photosynthesis is calculated on the basis of the 
photosynthesis-light response of individual 
leaves. This response follows a saturation type 
of function, characterized by the initial slope 
(the initial light use efficiency (e, kg C02 ha-1 
h- 1/(J m-2 s- 1)) and the asymptote (Am; kg 
C02 ha-:- 1 h- 1) (Equation 3). 
For the initial light use efficiency (e), a 
constant value of 0·45 kg C02 ha-1 h-1/(J m-2 
s-1) was selected, based on data of Ehleringer & 
Pearcy (1983). 
The light-saturated photosynthesis (Am), 
however, varies considerably, mainly as a func-
tion of leaf age and the environmental condi-
tions to which the leaf has been exposed in the 
past. It is also influenced by genotype and plant 
species. For both species, Am was set at 50 kg 
C02 ha-1 leaf h-1 as an average value for 
actively photosynthesizing foliage under favour-
able conditions. This value is within the wide 
range of values reported for sugar beet (Hall 
& Loomis, 1972; Hodanova, 1981; van der 
Werf, Department of Theoretical Production 
Ecology, Wageningen Agricultural University, 
unpublished data) and for C. album L. (Chu et 
a/., 1978; Pearcy et a/., 1981; van Oorschot & 
van Leeuwen, 1984) and our own data. No in-
formation was available on the photosynthesis 
characteristics of the flower stalks of C. album 
L. 
In sugar beet, Am decreases toward the end of 
the season (Hodanova, 1981; van der Werf, un-
published data), probably due to increasing 
average leaf age and adaptation of the photo-
synthetic capacity to the lower temperature and 
radiation levels. This reduction is introduced by 
multiplying the above potential value of Am with 
a factor which is a function of time after plant 
emergence. Expressing time as a temperature 
sum, accumulated above a base of 2°C, this 
factor is assumed to decrease linearly from a 
value of 1·0 at 700°C d after plant emergence to 
0·8 at 1700°C d, and thereafter to 0·6 at 3000°C 
d. For C. album L., no such reduction was 
applied because the plants mature earlier in the 
season and, moreover, they fall off when the 
leaves start to senesce. 
Respiration. Dry matter growth rates are 
obtained from simulated C02 assimilation rates 
after subtracting respiration cost, the latter 
being divided into growth and maintenance 
requirements (Equation 4). 
The maintenance requirements are more or 
less proportional to the biomass to be main-
tained; typical values for the various plant 
organs are given in Table 3. For the fruits of C. 
album L., a value of 0·01 kg CH20 kg-1 dry 
matter d-1 was assumed, which is similar to 
values found for seed crops. For the storage 
beet, a storage component (sucrose) and a non-
storage component are distinguished. The 
sucrose is metabolically inactive and does not 
require maintenance, whereas the maintenance 
coefficient of the non-storage component is 
assumed to be equal to that of the stem. With a 
sugar content of 80% on a dry weight basis, this 
means a beet maintenance coefficient of 
0·80 X 0+0·20 X 0·015 = 0·003 kg CH20 kg- 1 
dry matter d-1• Maintenance requirements de-
crease with the metabolic activity of the plant. 
In the model, this is accounted for by assuming 
plant maintenance respiration proportional to 
the fraction of the accumulated leaf weight that 
is still green (Spitters eta/., 1989a). In this way, 
the maintenance cost for sugar beet at final 
harvest is reduced to approximately 60% of its 
potential value, as defined by the coefficients in 
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Table 3. Respiration coefficients of the various plant organ groups of sugar beet and C. 
album L. Maintenance coefficients are expressed in the daily amount of carbohydrates 
required to maintain unit dry matter at 25oc (Q 10 = 2). Coefficients for growth respira-
tion are expressed m the amount of carbohydrates required to produce unit DM ( C( 1). 
For leaves. stems and roots. typical values are given as derived by Penning de Vries & 
van Laar ( 1982) for maintenance requirements and Penning de Vries et al. ( 1989) for 
assimilate requirements for dry matter growth. See text for values of storage organs 
Maintenance requirements Growth requirements 
(kg CH:O kg- 1 OM d-1) (kg CH20 kg- 1 DM) 
S. beet C. album L. S. beet C. album L. 
Leaves 0·030 
Stems 0·015 
Fibrous roots 0·015 
Storage organs 0·003 
Table 3. The maintenance coefficient of the 
storage beet is thus reduced to 0·0018 kg C020 
kg- 1 dry matter d- 1, a value well in line with 
those measured 1 or 2 days after harvest (Koster 
et a/., 1980) (assuming a reference temperature 
of 25°C, 0 10 = 2 and 24% dry matter in beet). 
The primary assimilates in excess of the main-
tenance cost are converted into structural plant 
material. The amount of structural dry matter 
produced per unit of available carbohydrates 
depends on the chemical composition of the dry 
matter formed. Typical values of the glucose 
requirements ( Cj 1) for various groups of 
compounds were derived by Penning de Vries & 
van Laar (1982), (modified by Penning de Vries 
et al., 1989). On the basis of their chemical 
composition, typical values have been derived 
for leaves, stems and roots (Table 3). The value 
for the storage beet was derived from its 
composition as given by Penning de Vries, van 
Laar & Chardon (1983), whilst that of C. album 
L. fruits was based on the measured chemical 
composition of the seeds. 
Phenology. Phenological development is 
mainly determined by the temperature sum 
after plant emergence. The temperature sum is 
calculated on the basis of daily average temp-
eratures. For sugar beet, a base temperature of 
2°C is used, below which no development 
occurs, and a maximum temperature of 21°C 
above which the development rate is not further 
accelerated by increasing temperature. These 
cardinal points were inferred from temperature 
responses of leaf appearance rate (Terry, 1968; 
Clark & Loomis, 1978; Milford & Riley, 1980; 
Hodanova, 1981). 
For C. album L., a base temperature of 2°C 
was also assumed. This choice was inspired by 
0·030 1-46 1·46 
0·015 1·51 1·51 
0·015 1·44 1·44 
0·010 1·29 1·49 
the narrow range in base temperatures of 0--3°C 
encountered by Angus et al. (1981) for species 
originating from temperate regions. In the ex-
periments presented, flowering of C. album L. 
started about 5000C d after seedling emergence. 
To account for photoperiodic effects on flower-
ing in C. album L. (Ramakrishnan & Kapoor, 
1973; Warwick & Marriage, 1982) as well as 
different temperature requirements between 
ecotypes, the development stage may be re-
scaled to a dimensionless variable having the 
value 0 at seedling emergence, 1 at the onset of 
flowering, and 2 at ripeness. In that case, the 
developmental rate equals the reciprocal of 
the time' in photoperiodic °Cd, required to 
complete the unit of development. 
Dry matter partitioning. In the model, the 
total daily dry matter increase is partitioned to 
the various plant organ groups according to 
factors that are a function of the developmental 
stage, the latter being expressed as oc d after 
plant emergence. These factors are derived by 
analysing the fractions of new dry matter pro-
duction allocated to the plant organs between 
two subsequent harvests. The total dry matter, 
daily produced, is first partitioned between 
'shoots' (including beet tap root) and 'roots' 
(Fig. 1). The partitioning between the different 
'shoot' organs is shown in Fig. 2. The dry matter 
distribution patterns in the various experiments 
corresponded closely with each other. In sugar 
beet, an increasing fraction of the newly formed 
dry matter is allocated to the tap root. In C. 
album L., the changes in the dry matter distri-
bution pattern were associated with the appear-
ance of flower stalks and with seed filling. 
Leaf area. In the early phases, leaf area 
growth proceeds more or less exponentially, the 
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Fig. 1. The partitioning of current dry matter increases over 
'shoots' (including beet tap root) and fibrous roots, as a func-
tion of the temperature sum after plant emergence. (a) Sugar 
beet: inferred from data of Boonstra {unpublished data). {b) 
C. album L.: guesstimate, partly based on the interrelation-
ship of root and leaf growth. 
relative growth rate being approximately 
linearly related to temperature (Equation 5). 
When leaf area per plant is plotted on a 
logarithmic scale against the temperature sum 
after emergence, a more or less linear relation-
ship is therefore obtained (Fig. 3). The slope 
measures the relative leaf area growth rate (RL 
in oc- 1 d- 1) and the intercept the apparent leaf 
area at emergence. C. album L. had a smaller 
intercept {'L0 , the initial leaf area per plant at 
seedling emergence) ( m2 plane 1) than sugar 
beet because of smaller seed reserves. C. album 
L. showed a slightly greater RL, mainly 
explained by a greater part of the assimilates 
allocated to the leaf blades (Fig. 2b). The ex-
ponential phase ended when an increasing 
portion of the assimilates was allocated to non-
leaf tissue (Fig. 2b). 
After this early exponential phase, leaf area 
growth is simulated by multiplying the leaf dry 
weight increase by the specific leaf area (SLA) 
(m2 leaf kg-1 leaf) of the newly formed leaves 
c: 
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0 500 1000 1500 2000 
Temperature sum (°C days) 
Fig. 2. The partitioning of current 'shoot' dry matter increases 
among the various 'shoot' organs as a function of the tempera-
ture sum after plant emergence for sugar beet (a) and C. 
album L. (b). For each harvest interval, the dry matter growth 
rate of a certain plant organ group (G,) was expressed as a 
function of the total "shoot' dry matter increase (G) over that 
interval. Each data point refers to the middle of a harvest 
interval for (a) sugar beet (1984 0; 1985 0 and 1986 6) and 
(b) C. album L. (1984 0; 1985 0; 1986a 6and 1986b <)) 
grown in monocultures; open symbols and drawn line indicate 
fraction allocated to laminae and the corresponding closed 
symbols and the broken line denote fractions to laminae and 
petioles for sugar beet and laminae and stems for C. album L., 
respectively. 
(Equation 6). SLA is plotted in Fig. 4 as a 
function of the development stage expressed in 
degree-days. For each harvest interval, the SLA 
of new leaves was calculated by dividing the in-
crease in leaf area index ( G LAI) by the increase 
in leaf weight ( G1v) between subsequent 
harvests. In assessing the relationships in Fig. 4, 
the scatter in the data points was adjusted for by 
also considering the relationship of LA//W1v 
(weight of the leaves), which gives more stable 
values at later developmental stages. 
In calculating SLA of sugar beet, the midrib 
was excluded from the leaf blade from 5 weeks 
(approximately 3000Cd, 1';:!:2°C) after plant 
emergence onwards. The decrease in leaf area 
due to senescence was estimated from Fig. 5, 
where the green leaf area index is depicted 
8 f 
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Fig. 3. Relationship between the natural logarithm of leaf area 
per plant (' L) and the temperature sum (t, oc d) after plant 
emergence for sugar beet (a) and C. album L. (b). Estimated 
relationships: 
Sugar beet: In I L, = -0· 79+0·0158t t:S3500C d (T= 12· 7 °C} 
C. album L.: In 1 L, = -2·05+0·0186t ts400"C d (T= 14·3°C) 
where Tis the observed temperature during the period consi~ 
dered. Symbols as in Fig. 2; extra symbols refer to unpub-
lished data from Spitters (Centre for Agrobiological 
Research, Wageningen). 
relative to its maximum value in the experi-
ment concerned (Equation 7). This procedure 
assumes that during the senescence phase there 
is no increase in new leaf area at all. This holds 
for C. album L. In sugar beet, however, this 
assumption is not entirely valid (Fig. 2), which 
biases the estimation of the relative death rate. 
However, this barely affects the simulation 
results of sugar beet yields because foliage 
sensescence did not occur until late in the 
season. In C. album L., leaf senescence 
appeared much earlier in the 1984 experiment 
than in both the other experiments (Fig. 5), 
probably due to drought in this experiment. The 
1984 data were therefore excluded when estab-
lishing the senescence function. 
Plant height. The time course of plant height 
is described by a logistic function of the temper-
ature sum after plant emergence (Fig. 6). The 
I 
Cl 
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Temperature sum (°C days) 
Fig. 4. The specific leaf area (SLA. m2 kg- 1) of the newly 
formed leaves as a function of the temperature sum after plant 
emergence for sugar beet (a) and C. album L. (b). The con~ 
stant levels are 19·4 and 23·1 (m2 leaf kg- 1 leaf) for sugar beet 
and C. album L., respectively. Symbols as in Fig. 2. Drawn 
lines indicate relationships used in the model. 
later data of the 1984 experiment were ex-
cluded, as plant height growth was reduced by 
drought stress. 
Plant~water relationships. When water supply 
is limited, the ratio between actual transpira-
tion (7) and potential transpiration (To) 
decreases linearly with soil moisture avail-
ability when the actual soil moisture content 
(9a) falls below a certain critical level (Ocr) 
(Equations 11 and 12). The soil moisture deple-
tion factor (p) is dependent on plant species 
and evaporative demand (Doorenbos & 
Kassam, 1979). 
In practice, drought stress reduces the relative 
rate of leaf area growth, the specific leaf 
area, leaf longevity, and the plant height in-
crease as well. It also changes the dry matter 
partitioning in favour of the below-ground 
parts. At present, specific functions for sugar 
beet and C. album L. are lacking and, there-
fore, the general relationships referred to are 
applied. 
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Fig. S. Time course of the natural logarithm of green leaf area 
index: (LAI) relative to its maximum value (LA/m) for sugar 
beet (a) and C. album L. (b). Time (t) as temperature sum in 
oc dafter plant emergence. Symbols as in Fig. 2; additional 
data for sugar beet from unpublished data of Sibma (Centre 
for Agrobiological Research, Wageningen). Slope of the 
drawn lines gives value of R, (relative death rate of leaves 
(1/CC d)] used in the model. 
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(kg C02 ha-t ground d-1) 
AL C02 assimilation rate at a canopy depth 
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(mmd-1) 
A·/ ode/ for interspecific competition 449 
PENNING DE VRIES F.W.T., VAN LAAR H.H. & CHARDON 
M.C.M. ( 1983) Bioenergetics of growth of seeds, fruits, and 
storage organs. In: Potential Productivity of Field Crops 
Under Different Environments. pp. 37-59. International 
Rice Research Institute, Los Banos, Philippines. 
PENNING DE VRIES F. W.T., JANSEN D.M., TEN BERGE H.F.M. 
& BAKEMA A. (1989) Simulation of Ecophysiological Pro-
cesses of Growth in Several Annual Crops. Simulation 
Monographs, Pudoc. Wageningen, 271 pp. 
RAMAKRISHNAN P.S. & KAPOOR P. (1973) Photoperiodic 
requirements' of seasonal populations of Chenopodium 
album L. Journal of Ecology, 62, 67-73. 
SPITTERS C.J. T. ( 1984) A simple simulation model for crop-
weed competition. 7th International Symposium on Weed 
Biology, Ecology and Systematics, pp. 355-366. 
COLUMA-EWRS, Paris. 
SPITTERS C.J.T. (1989) Weeds: population dynamics, germi-
nation and competition. In: Simulation and Systems 
managementin Crop Protection. (ed. by R. Rabbinge, S.A. 
Ward & H.H. van Laar), pp. 182-216. Simulation Mono-
graphs, Pudoc, Wageningen. 
SPITTERS C.J.T. & AERTS R. (1983) Simulation of competition 
for light and water in crop-weed associations. Aspects of 
Applied Biology, 4, 467-484. 
SP!TTERS C.J.T. VAN KEULEN H. & VAN KRAAUNGEN 
D.W.G. (1989a) A simple and universal crop growth 
simulator: SUCROS87. In: Simulation and Systems 
Management in Crop Protection (ed. by R. Rabbinge, S.A. 
Ward & H.H. van Laar), pp. 147-181, Simulation Mono-
graphs, Pudoc, Wageningen. 
SPITTERS C.J.T., KROPFF M.J. & DE GROOT W. (1989b) 
Competition between maize and Echinochloa crus-galli 
analysed by a hyperbolic regression model. Annals of 
Applied Biology, 15, 541-551. 
TAN AKA A. ( 1983) Physiological aspects of productivity in 
field crops. In: Potential Productivity of Field Crops Under 
Different Environments, pp. 61-80. International Rice 
Research Institute, Los Banos, Philippines. 
TERRY N. (1968) Development physiology of sugar beet. I. 
The influence of light and temperature on growth. Journal 
of Experimental Botany, 19,795-811. 
WARWICK S.l. & MARRIAGE P.B. (1982) Geographical varia-
tion in populations of Chenopodium album resistant and 
susceptible to atrazine. II. Photoperiod and reciprocal 
transplant studies. Canadian Journal of Botany, 60, 494-
504. 
G 
GLAI 
H 
HL 
reference evapotranspiration of a short 
grass cover (kg H20 m-2 d-1) or (mm d- 1) 
initial light use efficiency (kg C02 ha- 1 
leafh-1/[J m-2 leaf s- 1]) 
potential growth rate of the crop (kg 
dry matter ha- 1 d-1) 
actual growth rate of the crop (kg dry 
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leaf area growth rate (m2 m-2 d- 1) 
plant height (m) 
absorbed amount of radiation (PAR) at 
depth L (J m-2leaf s-1) 
radiation flux at the top of the canopy 
(J m-2 ground s-1) 
450 M.J. Kropf! and C.J. T. Spitters 
/L net flux of radiation (PAR) at depth L 
(J m-2 ground s- 1) 
kj extinction coefficient for PAR of species 
j(-) 
LA! leaf area index (m2 leafm-2 ground) 
Lj the cumulative leaf area index of species 
j counted from the top of the canopy 
downward) (m2 leafm-2 ground) 
'La the initial leaf area per plant at seedling 
emergence (m2 leaf planC1) 
N the number of plants ( m - 2) 
p the soil moisture depletion factor (-) 
pck partitioning coefficient (kg dry matter 
(plant organ k )/kg dry matter crop) 
PAR photosynthetically active radiation 
(wavelength 400-700 nm) (J m-2 ground 
s-t) 
6a actual soil moisture content (kg H 20 
m-2) 
p 
SLA 
T 
critical soil moisture content (kg H20 
m-2) 
soil moisture content at field capacity 
(kgH20m-2) 
soil moisture content at permanent 
wilting point (kg H 20 m-2) 
rainfall (kg H 20 m-2 d-1) or (mm d-1) 
relative growth rate of leaf area coc-t 
d-1) 
relative death rate of leaves coc-t d- 1) 
maintenance respiration (kg CH20 
ha-1 d-1) 
reflection coefficient of the canopy (-) 
specific leaf area ( m2 leaf kg- 1 leaf) 
actual transpiration by the vegetation 
(kg H 20 m-2 d-1) or (mm d-1) 
potential transpiration of a canopy (kg 
H20 m-2 d-1) or (mm d-1) 
